Drought is a serious problem in many nations, adversely affecting both crop growth and yield. Here, we investigate the effects of water stress on growth, photosynthesis, physiology and germination in seedlings of linseed (Linum usitatissimum L). Water stress was imposed by exposing the sand-grown roots to irrigation with a range of concentrations of polyethylene glycol-6000 (PEG). Both relative growth rate (RGR) and water content (WC) decreased with increasing PEG concentration with the reductions being greatest for 20% PEG (water potential -0.58 MPa). The results show that as PEG concentration increased, the fluorescent chlorophyll and chloroplast pigments decreased but the ratio of Chl a/Chl b gradually increased. Meanwhile, shoot carbohydrate content increased slightly with increasing PEG concentration while that in the roots peaked at 5% PEG (-0.09 MPa) before decreasing at higher PEG concentrations. The content of proline in shoots and roots increased with increasing PEG concentration. With increasing PEG concentration, betaine showed a slight tendency to rise in the root, but to rise and then fall in the shoot. The results indicate that PEG-induced water stress increased the accumulations of carbohydrate, proline and betaine. These may help the linseed seedlings to survive periods of osmotic stress induced by drought and may be involved in the perception and transmission a drought signal, also playing a role in osmotic adjustment. Under water stress, the main inorganic ions involved in osmotic adjustment were K + , Na + , Ca 2+ and Cl -likely thereby increasing drought resistance. The germination percentage of the seeds was severely reduced by increasing PEG concentrations, ceasing altogether at 15% PEG. Many of the seeds that remained dormant in the higher PEG concentrations germinated satisfactorily when afterwards placed in pure water. The research provides useful leads in the planned development of linseed cultivars having increased drought tolerance.
crop biology under adverse conditions .
Plants have evolved a number of mechanisms to adapt to and survive all kinds of biotic and abiotic stresses. These include photosynthetic mechanisms, osmoregulation and antioxidant enzymes. Photosynthesis is probably the most fundamental of the metabolic process in plants and this has become a major research focus in physiological-ecology being recognised as being particularly critical to plant success and survival (Liu et al., 2007) .
Linseed (Linum usitatissimum L) is a diploid, self-pollinated, annual crop, with modern cultivars being typically short, many branched and producing large amounts of seed (Deyholos, 2006) . It is one of the earliest cultivated plants known and, since ancient times, it has been grown widely for its high-quality, cellulose-rich, bast fibers and also for its oil (Zohary & Hopf, 2004; Huis et al., 2010) . The oil of linseed is an excellent nutritional supplement being rich in α-linolenic acid and omega-3 fatty acid. The oil is also used in the production of industrial raw materials (Vaisey-Genser & Morris, 2003; Foster et al., 2009; McKenzie & Deyholos, 2011) . In the textile industry, the fibers of linseed have been largely replaced by cotton or by synthetic fibers but they are still used in the high-quality linen materials and are also now being incorporated in the polymeric matrix of biocomposites to improve their mechanical properties (Chemikosova et al., 2006; Bodros et al., 2007; Huis et al., 2010) . In 2009, the top producers of linseed were Canada, India and China, with 45% of world production being in Canada (FAO, 2009 ).
The purpose of this study was to investigate the effects of water stress on the germination and growth of linseed seedlings, including effects on chlorophyll fluorescence and on accumulations of proline, betaine and carbohydrates. It was also desired to elucidate mechanisms of water stress damage and to identify possible adaptive mechanisms to water stress. Understanding how linseed manages water stress is important for the reclamation of drought-prone soils and crop production, and possibly also to discover water-stress resistance genes and hence to develop drought-resistance biotechnology in this crop.
Materials and Methods

Design of Simulated Water Stress Conditions
Water stress conditions were simulated by exposing germinating linseed plants to polyethylene glycol-6000 (PEG) at one of five concentrations: 0, 5, 10, 15 and 20% (w:w). The osmotic potentials of the solutions was measured using a water potential meter (Psypro Wescor Corporation, US). Table 1 results shows how osmotic potential decreases with increasing PEG-6000 concentration. FeEDTA) . All pots were placed outdoors but were sheltered from the rain. The day/night temperature range experienced during the experiment was 21.0-25.5°C/18.5-21.0°C. After four weeks, 30 pots containing uniform seedlings were selected and randomly divided into six sets of five replicates. One set was used to determine the seedling growth parameters just prior to treatment, a second set was used as the untreated control (0% PEG-6000, watered with Hoagland's nutrient solution), and the four remaining sets were stressed with one or other of the PEG-6000 solutions. Each PEG subtreatment was applied to a set of five pots, daily for 7 days.
Measurement of Growth
After the seventh day of treatment, all seedlings in a pot were separated from the sand, washed with ultra-pure water and the shoot divided from the root. The fresh weights (FW) were recorded after removing surface water by blotting and the dry weights (DW) determined after drying for 15 min in an oven at 80°C and then in a vacuum dryer at 40°C to constant weight. The relative growth rate (RGR) was defined as (ln DW after treatment -ln DW before treatment) / treatment duration (Kingsbury et al., 1984) . The water content (WC) percentage was calculated as: 100(FW-DW)/FW (Yang et al., 2008) .
Measurement of Chlorophyll Fluorescence, Pigments and Light Response Curve
The maximal photochemical efficiency of PSII (PSII=Fv/Fm), the photosynthetic efficiency of PSII (Y (II) =Fm'-F/Fm'), non-photochemical quenching (NPQ=Fm-Fm'/Fm'), non-photochemical quenching coefficient (qN=Fm-Fm'/Fm-Fo'), photochemical quenching (qP=Fm'-F/Fm'-Fo'), the efficiency of excitation energy capture by open PSII reaction centers (Fv'/Fm') and apparent photosynthetic electron transport rate (ETR) were determined between 09:00 and 11:00 h from fully-expanded leaves using an Imaging-PAM (Walz, Effeltrich, Germany) (Genty et al., 1989; Van & Snel, 1990) . The leaves were held in the dark for about 20 min before measurement. The intensities of the actinic and saturating light settings were 185μmol/m 2 s and 2500μmol/m 2 s PAR, respectively. The contents of carotenoids (Car) and chlorophyll (Chl) a and b were extracted using acetone, and spectrophotometeric determination at 440, 645 and 663 nm of each sample was done three times. The calculations used the Equations of Arnon (1949) . The light response curves of the leaves were determined by the White and Critchley method (1999) .
Measurement of Cations and Anions
The quantities of cations (Na + , K + , Ca 2+ and Mg 2+ ) were determined using an atomic absorption spectrophotometer (TAS-990, Purkinje General, Beijing). The quantities of anions (NO 3 -, Cl -, SO 4 2-and H 2 PO 4 -) were determined by ion exchange chromatography (DX-300 ion chromatographic system; AS4A-SC ion-exchange column, CD M-II electrical conductivity detector; DIONEX, Sunnyvale, USA) with a mobile phase comprising 1.7/1.8 mM Na 2 CO 3 /NaHCO 3 (Yang et al., 2007) .
Measurement of Proline, Betaine and Carbohydrates
Proline was extracted with 3% sulfosalicylic acid for 30 min at 70°C and measured with ninhydrin (Zhu et al., 1983) . Betaine was extracted with 80% methanol for 20 min at 70°C and measured as described by Grieve and Grattan (1983) . Samplings were dried and cut into many small pieces before being analysed by the anthracene ketone method: a 50 g sample from each treatment was dipped in 3cm 3 of 80% ethanol:water at 80°C for about 40 min; centrifuged at 3000×g for 15 min and the supernatant collected. The polycondensation with anthrone resulted in a blue compound (Zhou et al., 2002) . The leaf carbohydrate content was measured with a UV-754 spectrophotometer at 620 nm. Each measurement was repeated three times (Shi & Guo, 2006) .
Measurement of Germination
One hundred linseed seeds were germinated on filter paper in germination boxes. The dry seeds were submerged in 100 mL of each of the PEG-6000 solutions described above (with distilled water as the control). The boxes were maintained at 20°C in the dark for 10 d, five replicates of each PEG treatment were prepared. Percentages of germinated seeds were scored daily, based on the emergence of the radicles. Afterwards, ungerminated seeds were transferred to distilled water to determine whether they would germinate during a 7 d recovery period.
Statistical Analysis
Statistical analyses of variance and correlations were done with the statistical application SPSS 13.0. All treatments were replicated five times, and means and calculated standard errors (S.E.) are reported.
Results
Growth
The RGRs and WCs of shoots and roots all decreased with increasing PEG concentration, with the greatest reductions occurring under the highest water stresses (Figure 1 A, P≤0.05). From the slopes of Equations (1) and (2) (Table 2), it was calculated that the RGR for shoot and root increased by 0.88 and 1.17, respectively, per 100 mM increase in PEG-6000 concentration. Meanwhile, the WC of shoot and root decreased by 165.17 and 140.84, respectively, for each 100 mM increase in PEG concentration (see Equations (3) and (4) in Table 2 ). Table 2 . A regression analysis between RGR, WC and PEG concentration was performed, where Y S represented the shoot RGR and WC, Y R the root, and x was PEG concentration (Table 2) Regression equation 
Chlorophyll Fluorescence, Pigments and Light-response Curve
The PSII, Y(II), qP and ETR decreased with increasing PEG concentration, while NPQ and qN contents increased significantly, the effects were much more pronounced under high PEG concentration ( Figure 2 , A, B, C, D, E and F; P≤0.05). The contents of Chl a and Chl b under PEG induced water stress were less than in the control, each parameter decreased gradually with increasing PEG concentration. The Chl a/b ratio was higher with PEG than in the control (Table 3 , P≤0.05). The content of Car was scarcely changed by water stress (Table  3 , P≤0.05). The trends of change in the light-response curves were similar, Figure 3 shows that increasing light intensity can promote photosynthesis at low light intensity, but that when light intensity reaches the saturation point, photosynthesis rate does not continue to increase but decreases with increasing PEG concentration (P≤0.05). 
Carbohydrates
Figure 4 A shows that total carbohydrates (TTC) and fructose in shoots increased slightly with rising PEG concentration, peaking with 5% PEG, while sucrose contents decreased (P≤0.05). In the roots, the highest TTC value was for 5% PEG (higher than for the control) (Figure 4 , B; P≤0.05). The fructan and sucrose both decreased with increasing PEG concentration (Figure 4 , B; P≤0.05). 
Proline and Betaine
The contents of proline increased with increasing PEG concentration, with that in the shoot being significantly higher than that in the root (Figure 5, A and B; P≤0.05) . In the shoot, increasing water stress had a negative effect on betaine content ( 
Ionic Balance
With increasing PEG concentration, the K + , Na + , Ca 2+ and Mg 2+ contents decreased in both shoots and roots ( Figure 6 , A-D; P≤0.05) but the accumulation of Na + in roots was higher than in shoots, while that of Ca 2+ in shoots was higher than in roots ( Figure 6 , B and C; P≤0.05). The content of Fe 2+ increased significantly under low PEG concentrations but then declined dramatically with rising PEG concentration. Also, the extent of reduction in shoots was much greater than that in roots (Figure 6 , E; P≤0.05). There were little effects of water stress on Cl -, H 2 PO 4 -and SO 4 2-contents, whereas NO 3 -decreased significantly. The contents of all were higher in the shoots than in the roots (Figure 6 
Germination and Recovery Germination
The germination percentage of linseed seeds decreased dramatically under PEG induced water stress with no germination occurring above 15% PEG (Figure 7 ; P0.05). After the PEG treatments, when seeds were transferred to distilled water, some seeds germinated which had failed to in PEG. The recovery germination percentage increased strongly with increasing PEG concentration (Figure 7 ; P0.05). 
Discussion
Effect of Water Stress Treatments on Growth
In plants in general, an appropriate growth strategy is key to fitness in a competitive situation, so too in linseed seedlings, their growth strategy is critical to survival (Ross & Harper, 1972; Bush & Van Auken, 1991; Paz & Martinez-Ramos, 2003; Du & Huang, 2008) . The RGR value of a plant reflects its vigour and is considered a good index of its exposure to stresses of all sorts (Almansouri et al., 1999; Lutts, 2004; Yang et al., 2007) . The RGR response of linseed seedlings exposed to increasing PEG concentrations (Figure 1 A, P ≤ 0.05), revealed a decrease for roots which was about 1.33-times greater than that for shoots (Table 2 , P ≤ 0.05). This may reflect the impact of water stress on root cell development, which would likely impair nutrient uptake as well as having detrimental effects on photosynthesis, essential for biomass accumulation and therefore on shoot and root elongation. The change trend for WC was similar to that for RGR but the extension of WC in the shoot was about 1.17-times that of the root (Figure 1 . B; Table 2 ; P≤0.05). Water stress therefore appears to reduce the absorption and utilization of water to such an extent that the tolerance mechanisms employed by these plants in a drought are insufficient to maintain normal growth.
Effects of Water Stress on Chlorophyll Fluorescence, Chlorophyll Pigments and Light-response Curves
The chlorophyll fluorescence kinetics react to the "intrinsic" characteristic of photosynthesis and can rapidly and sensitively reflect a plant's physiological status and its relationship with the environment (Huang et al., 2009 ). The observed impact of water stress on photosynthetic activity led us to investigate the mechanisms involved in greater detail by examining chlorophyll a fluorescence as an index of stress since this could provide insights into the nature of stress-induced damage to the photosynthetic apparatus Chen et al., 2009) . In this study, PSII values decreased with increasing PEG concentration but these began to decline significantly in 20% PEG concentration (-0.58MPa). The results indicate that photoinhibition occurs under water stress as a result of damage to the reaction center of photosystem II (Figure 2, P≤0.05) . The values of Y(II), qP and ETR decreased, while those of NPQ and qN increased with increasing PEG concentrations. These results indicate that electron transport activity and the photosynthetic apparatus of linseed seedlings with certain drought-resistance are damaged. The results as previously reported, however, compare as other crops, linseed seedlings have more adaptive ability to drought environment by adjustment of itself (Cornic & Fresneau 2002; Kocheva et al., 2004; Zhou et al., 2007) .
Chl and Car are the main photosynthetic pigments of plants, so these are good indicators of the photosynthesis capability of a plant. Under water stress, with the exception of Car which barely changed, the contents of Chl a and b decreased slightly at first but then decreased more sharply at the 20% PEG concentration (Table 3; P≤0.05) . This may be linked with the observation that under -0.58MPa water potential conditions Chl synthesis was severely inhibited with the result that the functioning of the photosynthetic apparatus became seriously impaired. Compared with the control, the water stress effects on Chl a/b were high and this appears to be closely related to the metabolic regulation of Chl; this possibility is worth further investigation. The behaviour of the light-response curve also tends to confirm this interpretation (Figure 3 , P≤0.05).
Effects of Water Stress on Carbohydrates, Proline and Betaine
Carbohydrates are the main osmotic adjustment substances and so are important indicators of drought tolerance. Many studies have shown that the accumulation of storage carbohydrates such as fructans can counter the effects of increased drought by reducing the osmotic potential to avoid stress (Jones & Turner, 1980; Munns & Weir, 1981) . Our results show that the TTC and fructan contents in shoots of linseed seedlings increases with increasing PEG concentration. This indicates that they may help to regulate and maintain the activity of physiological processes within the plant in a high water-stress environment by raising the osmotic potential of the cells. In contrast, the carbohydrate contents of the roots decreased markedly under water stress (Figure 4 , P≤0.05). This indicates that under water stress, carbohydrates may be transported from the root to the shoot to offset the effects of drought which reduce the amounts of available photosynthetic products. Or the carbohydrate metabolism might be stimulated in the shoot of linseed seedlings, but the carbohydrate metabolism might be inhibited in root. This should be further investigated.
Proline and betaine are also known to play important roles in osmotic adjustment with their accumulation under water stress being observed in many species (Stewart & Lee, 1974; Rhodes & Hanson, 1993) . Here, the results show that, along with a decrease in osmotic potential, the accumulation of free proline and betaine increased significantly both in the roots and the shoots. This increase would lower the osmotic potential (i.e. make it more strongly negative) in the cells which would help to maintain turgor and thus sustain the normal physiological and biochemical processes in the face of drought ( Figure 5 , P≤0.05).
Effect of Water Stress Treatments on Ionic Balance
Potassium is a major element in plants. One of its key functions is turgor maintenance and regulation and in this role it becomes involved in osmotic adjustment (Zhao et al., 2006) . Under water stress conditions, the accumulation of K + in linseed seedlings was higher than of the other ions measured and, moreover, with increasing water stress, the amount of K + increased disproportionately relative to the other ions (Table 4 and 5, P≤0.05). This clearly indicates that for linseed seedlings under water stress conditions, K + is the main inorganic osmolyte used to maintain essential enzymatic processes in the cytoplasm. Under drought conditions, the K + could increase plant water keeping ability, protect the cell membrane hydration layer and keep the cell membrane stability by enhance carbon and nitrogen metabolism, and active oxygen metabolism (Egilla et al., 2001; Yamada et al., 2002; Yang et al., 2004; Jose et al., 2005) . In this research, we propose that increased Na + decreased caused by water stress compare as control one. Water stress might have weakened the controls on absorption or transport of Na + , leading to the decreased of Na + content and disrupting the ionic balance. The decreased Na + under water stress might also be related to increase Na + exclusion. It is well known that plants have a Na + exclusion mechanism depending on a Na + /H + antiport, such as salt overly sensitive 1 (SOS1), which exchanges cytoplasmic Na + with external H + (Zhu, 2003) . The exchange activity relies on the transmembrane proton gradient achieved by H + -ATPase (Zhu, 2003) . Under water stress, the amount of external protons might stronger the exchange activity of the Na + /H + antiport on the root plasma membrane, inducing exclusion of Na + into the rhizosphere and enhancing in vivo accumulation. Calcium participates in signalling and is also involved in the cell walls, whereas Mg 2+ is an important component of chlorophyll (Knight et al., 1997; Parida & Das, 2005 -may be associated with the rise in K + , additional anionic components being required to preserve ionic balance. Levels of NO 3 -and SO 4 2-were not significantly affected by water stress (Table 4 and 5, P≤0.05).
Effects of Water Stress on Germination
Germination is a critical stage in the life cycle of a higher plant and is probably the stage at which it is most vulnerable to adverse external factors including to various abiotic stresses (Debez et al., 2004) . Our results indicate that water stress had a strong inhibitory effect on germination, with germination rates gradually decreasing with increasing PEG concentration. Seeds treated with 15% and 20% PEG did not germinate at all, suggesting a water potential threshold for germination of linseed seeds of about -0.36 MPa. However, many seeds that failed to germinate in a high water-stress environment germinated when water stress conditions were released (Figure 7, P≤0.05) . This suggests that the seed of linseed has a limited capacity for osmotic adjustment with germination under high water stress conditions being significantly inhibited.
Conclusion
The effects of water stress on a number of growth, photosynthetic, physiological and germination responses were studied in linseed seedlings. Water stress was simulated by bathing the roots in solutions with different concentrations of PEG. Seedling growth was inhibited by water stress, and especially that of the roots. Water regulation occurs either just outside the root, or in the root apoplast, or in both places. Therefore, it is proposed that the physiological mechanisms involved in root adjustments to highly negative external water potentials may be key to water-stress resistance in linseed. With increasing PEG, the concentrations of PSII, ΦPSII, qP and ETR all decreased, whereas that of qN increased slightly. These responses indicate that drought stress caused light inhibition by decreasing photochemical quenching and increasing non-photochemical quenching. Together these helped the plants to adapt to the adverse water stress conditions imposed. Carbohydrate levels increased greatly in response to water stress, as did the levels of proline and betaine. This suggests that linseed seedlings may initially sense a drought environment and then offset its harmful effects by altering the distribution and accumulation of carbohydrates, proline and betaine. The effects of water stress on the distribution and accumulation of inorganic ions were not very great. The germination percentage was reduced from 57% to 63% compared to the control with decreases in osmotic potential from -0.09 to -0.19 MPa. No germination occurred at or below -0.36 MPa. These results provide a useful understanding of drought responses in linseed that should facilitate the development of strategies for the creation of new varieties more tolerant to water stress.
